β-Catenin Has Wnt-like Activity and Mimics the Nieuwkoop Signaling Center inXenopusDorsal–Ventral Patterning  by Guger, Kathleen A. & Gumbiner, Barry M.
DEVELOPMENTAL BIOLOGY 172, 115±125 (1995)
b-Catenin Has Wnt-like Activity and Mimics the
Nieuwkoop Signaling Center in Xenopus
Dorsal±Ventral Patterning
Kathleen A. Guger and Barry M. Gumbiner1
Cellular Biochemistry and Biophysics Program, Memorial Sloan-Kettering Cancer Center,
New York, New York 10021
b-Catenin is a protein known to associate with the cytoplasmic domains of members of the cadherin family of cell adhesion
molecules. Recently, Funayama et al. (Funayama et al. (1995). J. Cell Biol. 128, 959±968.) demonstrated that overexpression
of b-catenin causes the formation of a secondary axis in Xenopus laevis embryos. In order to understand the role of b-
catenin in axis formation, we examined its biological activity in further detail.b-Catenin is effective at inducing a secondary
axis when overexpressed in the vegetal ventral region of early cleavage stage (4±32 cell) embryos. b-Catenin may act
as part of the Nieuwkoop center because cells overexpressing b-catenin do not contribute directly to axial structures.
Overexpression of b-catenin can specify de novo axis formation, as shown by its ability to rescue UV-ventralized embryos.
Overexpression of b-catenin alone is not suf®cient to cause elongation of animal caps or to induce mesodermal markers
in animal caps. In these assays, overexpression of b-catenin behaves like ectopic expression of certain members of the
Wnt gene family. Like Wnts, overexpression of b-catenin was also found to increase gap junctional communication in
cells of the ventral animal cap. Overexpression of b-catenin causes a small increase in the rate of aggregation of Xenopus
blastomeres. Overexpression of C-cadherin causes a more dramatic increase in the rate of aggregation of Xenopus blasto-
meres, but does not enhance gap junction communication or induce axis duplication; hence, we argue that increased
adhesion is not suf®cient to account for b-catenin's ability to regulate patterning or gap junction communication. We
propose a signaling role for b-catenin during axis formation in Xenopus. q 1995 Academic Press, Inc.
INTRODUCTION will form the Spemann organizer). During gastrulation cells
of the Spemann organizer are thought to release additional
Approximately 24 hr after fertilization, the radially sym- dorsalizing signals to instruct ventral mesoderm to assume
metrical amphibian egg has developed into a bilaterally a more lateral/dorsal character; cells of the organizer and
symmetrical embryo. The information specifying the future the cells that it recruits then go on to form the full range
position of the dorsal±ventral axis of this embryo is deter- of dorsal mesodermal tissues (reviewed by Kimelman et al.,
mined during the ®rst cell cycle by the process of cortical 1992).
rotation (reviewed by Gerhart et al., 1989). This process is The molecular basis of axis formation is incompletely
believed to cause the asymmetric accumulation of a dor- understood, but several groups have identi®ed proteins
salizing factor concentrated on the dorsal side of the vegetal which may play a role in this process. One of these factors,
pole. This region of the embryo (termed the Nieuwkoop b-catenin, was originally de®ned as a protein believed to
center) is fated to form endoderm and will not contribute be required for cadherin-mediated adhesion (Ozawa et al.,
directly to axial tissue (Dale and Slack, 1987). However, it 1990), but a great deal of evidence suggests that b-catenin
can induce overlying cells to assume a dorsal mesodermal has additional roles in embryonic patterning. First, b-ca-
fate. These cells will be the ®rst cells to gastrulate (i.e., they tenin has homology to Armadillo (McCrea et al., 1991;
Peifer et al., 1992), a segment polarity gene believed to act
downstream of a Wnt signaling event during patterning in1 To whom correspondence should be addressed at Cellular Bio-
the epidermis of the ¯y. Second, injection of Fab fragmentschemistry and Biophysics Program, Memorial Sloan-Kettering Can-
against b-catenin (McCrea et al., 1993) and overexpressioncer Center, 1275 York Ave., Box 564, New York, NY 10021. Fax:
(212) 717-3047. of b-catenin (Funayama et al., 1995) or the related protein
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plakoglobin (Karnovsky and Klymkowsky, 1995) can cause capillary tubes. The vegetal pole was irradiated for 48±54
sec using a model FB-UVXL-1000 cross linker (Fischer Sci-the formation of an ectopic dorsoanterior axis in Xenopus
embryos. Finally, oocytes depleted of b-catenin develop into enti®c Co., Spring®eld, NY).
In vitro transcription. b-Catenin mRNA was synthe-ventralized embryos, proving that b-catenin is required for
axis formation in Xenopus (Heasman et al., 1994). sized from b-catenin cDNA (McCrea et al., 1991) subcloned
into the pSP36T expression vector. The b-catenin constructOther factors which may play a role in the process of
dorsal±ventral patterning in Xenopus have also been identi- used in these experiments carried the 9-aa hemagglutinin
epitope tag at its C-terminus (as described by Funayama et®ed. These include noggin (Smith and Harland, 1992), sev-
eral members of the Wnt gene family (Sokol et al., 1991; al., 1995) for detection with the 12CA5 antibody. The vector
was linearized with EcoRI and 3 mg was used as a templateSmith and Harland, 1991), two members of the TGFb family
(activin (Thomsen et al., 1990) and Vg1 (Thomsen and Mel- for SP6-directed synthesis of mRNA (40 mM Hepes, pH 7.4,
6 mM magnesium acetate, 2 mM spermidine, 10 mM DTT,ton, 1993)), glycogen synthase kinase 3 (He et al., 1995;
Pierce and Kimelman, 1995), and goosecoid (Niehrs et al., 0.1 mg/ml BSA, 0.5 mM NTPs, 200 U of RNasin, 0.12 mM
GpppG, 100 U of SP6 polymerase for 1 hr at 407C). After1993). Based on various assays these factors have been
roughly placed within a pathway for axis formation (re- synthesis, template DNA was degraded by addition of 3 U
of RNase-free DNase (15 min at 377C). mRNA coding forviewed by Sive, 1993). In this pathway, factors believed to
play a role in establishing the Nieuwkoop center (Wnts and/ nuclear b-galactosidase was synthesized from 3 mg of tem-
plate (pSP6nucbGal), a gift from Dr. R. Harland (Univ. ofor noggin) are thought to cooperate with mesoderm inducers
(Vg1 and/or activin) to give rise to the formation of a Spem- California, Berkeley, CA). Activin bb mRNA was synthe-
sized from 2 mg of template generously supplied by Dr. D.ann organizer (de®ned by the expression of goosecoid). Gly-
cogen synthase kinase 3 seems to act by suppressing signals Melton (Harvard Univ., Cambridge, MA).
Microinjections. Microinjections were performed usingrequired for formation of the Nieuwkoop center and may
do so by acting as a negative regulator of a Wnt signaling a PLI-100 Pico-injector (Medical Systems Corp., Greenvale,
NY) and glass needles calibrated by dye delivery (2 mg/mlpathway (He et al., 1995; Pierce and Kimelman, 1995).
In this study, we compare the activity of b-catenin to the Fast Green) at 6, 8, and 10 psi. To assay the effects of b-
catenin overexpression, 2 ng (15 nl) of b-catenin mRNA wasactivities of other axis-inducing factors in an effort to place
b-catenin within the existing framework for axis formation. injected into the vegetal-ventral blastomere of 4-, 8-, 16-, or
32-cell embryos. To examine positional effects of b-cateninIn this paper, lineage tracing, UV rescue experiments, and
mesoderm induction experiments are used to show that b- overexpression, 2 ng of b-catenin mRNA was injected into
tier 4 (vegetal), tier 2 (prospective marginal), and tier 1 (ani-catenin's ability to induce a secondary axis closely resem-
bles that of Wnts (Smith and Harland, 1991; Sokol et al., mal) ventral blastomeres of 32-cell embryos. The prospec-
tive ventral side of the embryo was identi®ed by its darker1991). Dye transfer experiments are used to examine
whether b-catenin, like Wnts (Olson et al., 1991), can en- pigmentation relative to the dorsal side.
Mesoderm induction. Each cell of a 4-cell embryo washance cell±cell communication and a blastomere aggrega-
tion assay is used to directly measure whether overex- injected in the animal pole region with 1 ng of b-catenin
mRNA. For positive controls, the animal pole of one cellpression of b-catenin can alter cell±cell adhesion in Xeno-
pus. Our evidence suggests that b-catenin has many was injected with 10 pg of activin mRNA. Embryos were
allowed to develop to stage 8 and animal caps were dissecteddifferent roles both at the cellular level and in patterning.
Potential relationships between its different functions are and cultured in 0.51 MMR at 187C. Caps were kept until
control embryos had reached stage 22 (early tailbud). Capsdiscussed.
and embryos were then lysed in 1% NP-40 in solution A
with added protease inhibitors (Choi and Gumbiner, 1989)
(5 ml of lysis buffer/cap, 25 ml buffer/embryo), the yolk wasMATERIALS AND METHODS
pelleted by centrifugation (14,000 rpm, 10 min, 47C), and
proteins in the supernatant were separated by SDS±PAGE.Eggs and embryos. Eggs were obtained from female
Xenopus laevis (Nasco, Fort Atkinson, WI) by priming frogs Samples were immunoblotted for the presence of a muscle
marker (a sarcomeric protein) using monoclonal 12-101 (ob-with 50 U of gestyl (Diosynth B.V., Oss, Holland) followed
by injection of 700 U of human chorionic gonadotropin tained from the Developmental Studies Hybridoma Bank
maintained by the Department of Pharmacology and Molec-(Sigma Chemical Co., St. Louis, MO) to induce laying. Eggs
were fertilized in vitro, dejellied in 2% cysteine-HCl, pH ular Sciences, John Hopkins Univ. School of Medicine, Bal-
timore, MD and the Department of Biological Sciences,8.1, and cultured in 0.11 MMR. MMR was 100 mM NaCl,
2 mM KCl, 5 mM Hepes-NaOH, 2 mM CaCl2 , 1 mM MgSO4, Univ. of Iowa, Iowa City, IA, under contract N01-HD-6-
2915 from the NICHD). Antibody staining was detectedpH 7.4. Staging of embryos was according to Nieuwkoop
and Faber (1967). For UV ventralization, dejellied embryos with HRP-conjugated secondary antibodies (Bio-Rad, Mel-
ville, NY) and the ECL chemiluminescence system (Amer-were taken approximately 30 min after fertilization; trans-
ferred to 0.11 MMR, 6% Ficoll, 100 U/ml penicillin, 100 sham Corp., Arlington Heights, IL).
Lineage tracing experiments. Thirty-two-cell embryosmg/ml streptomycin; inverted; and held in place between
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were co-injected with 2 ng of b-catenin mRNA and 1 ng of beled as described in Brieher and Gumbiner (1994), but in-
stead of being pelleted and resuspended in labeling solution,a mRNA lineage marker (b-galactosidase with a nuclear
localization signal). Embryos were allowed to develop until they were pipetted directly into a well containing labeling
solution and allowed to settle. Experimental cells (express-stage 28 (tailbud) and were then ®xed in 3.7% formaldehyde,
phosphate-buffered saline (237C, 2 hr). Phosphate-buffered ing b-catenin or C-cadherin) were labeled with diO and con-
trols (b-galactosidase-expressing cells) were labeled with diIsaline (PBS) is 150 mM NaCl and 10 mM Na2HPO4, pH 7.2.
Embryos were washed in PBS, 0.11 Triton X-100 (TX100) (Molecular Probes). Labeled cells were washed and aggre-
gated for 30 min as previously described (Brieher and Gum-and then stained in PBS, 10 mM K3Fe(Cn)6, 10 mM
K4Fe(Cn)6, 0.11 TX100, 1.5 mg/ml X-gal (377C, 12 hr). Em- biner, 1994). Experimental (diO-labeled) and control (diI-
labeled) aggregates were pipetted together onto a 2.5 mlbryos were washed again and bleached in 10% H2O2 , 3.7%
formaldehyde, PBS (47C, 2 days) and cleared in 1:2 benzyl- CMFM/2 mM Ca2//3.5% Ficoll column. Aggregates were
allowed to settle for 2 min and then 0.5-ml fractions werealcohol:benzyl benzoate.
Gap junction communication assays. The ventral side collected from the top of the column. Fractions were lysed
by adding TX-100 (to 0.1% ®nal concentration) and theof the ®rst cleavage furrow was marked with a crystal of
Nile blue. After the ®rst cleavage, 2 ng of b-catenin, C- amount of diO and diI ¯uorescence was determined for each
fraction using a Model LS50B ¯uorimeter (Perkin±Elmer,cadherin, or b-galactosidase mRNA were injected into the
ventral animal pole of each blastomere. Embryos were cul- Norwalk, CT) (diO Ext. 484 nm, Em. 505 nm, diI Ext. 540
nm, Em. 565 nm).tured in 11 MMR, 6% Ficoll, penicillin, streptomycin until
stage 5 (32 cells). At this stage, 20 ng of lucifer yellow (Mo-
lecular Probes, Inc., Eugene, OR) was injected into a ventral
animal tier 1 blastomere (the blastomere closest to the blue RESULTS
mark). Dye was allowed to transfer for 20 min; then, the
embryos were ®xed in 3.7% formaldehyde, PBS, 6% Ficoll,
b-Catenin Activity Mimics a Nieuwkoop Center
and were scored under an Axioplan microscope (Carl Zeis,
Inc., Thornwood, NY) ®tted with a polarizing ®lter, and Similar to the results obtained by Funayama et al. (1995),
approximately 60% of embryos receiving a vegetal ventralback-lit with low level white light. Using the polarizing
®lter and background illumination helped to prevent mis- injection of b-catenin mRNA at the 4-, 8-, or 16-cell stage
developed two neural tubes when scored at the neurulascoring due to ¯uorescence scattering and yolk ¯uores-
cence. To control for dye coupling via cytoplasmic bridges, stage (Fig. 1, Table 1). In contrast, embryos receiving a vege-
tal ventral injection of C-cadherin mRNA never developed15 ng of ¯uoresceinated dextran (MW 10,000) (Molecular
Probes) was injected into a randomly placed (with respect an ectopic axis. Also, embryos receiving an injection of
control mRNA (b-galactosidase) never developed a second-to the dorsal±ventral axis) animal tier 1 blastomere. For
positive controls, 20 ng of lucifer yellow was injected into ary axis.
By the 32-cell stage, certain regions of the embryo area dorsal animal tier 1 blastomere. In all other respects, pro-
cessing of control embryos was the same as for experimental fated to contribute to only one or at most a few tissue types
(Dale and Slack, 1987). Therefore, at this stage, b-cateninones.
Blastomere adhesion assays. The animal poles of each injections were targeted to the presumptive marginal zone
(tier 2) and animal pole (tier 1) blastomeres as well as acell of 4-cell embryos were injected with 1 ng of mRNA (C-
cadherin, b-catenin, or b-galactosidase). Injected embryos vegetal ventral (tier 4) blastomere in order to examine
whether b-catenin overexpression has different effects inwere allowed to heal for 30 min in 11 MMR, 6% Ficoll,
penicillin, streptomycin and were then transferred to 0.11 different regions of the embryo. At the 32-cell stage, 52%
of embryos receiving a tier 4 injection developed a second-MMR, 6% Ficoll, penicillin, streptomycin and allowed to
develop into blastula (4 hr after injection). At that stage, ary axis (Table 1), considerably fewer (17%) embryos receiv-
ing a tier 2 injection developed a secondary axis, and tier 1some caps were taken and lysed in 1% NP-40 in solution
A with added protease inhibitors in order to analyze expres- injections were even less effective, with only 8% showing
two neural tubes when scored at the neurula stage. Evension of b-catenin and C-cadherin by immunoblotting with
a polyclonal b-catenin antisera (McCrea et al., 1993) and a the low percentage of duplicated axis embryos that devel-
oped from animal tier 1 injections was deemed to be sig-polyclonal C-cadherin antisera (Brieher and Gumbiner,
1994). Remaining caps were taken to perform aggregation ni®cant because control (b-galactosidase) injected embryos
never developed a secondary axis.assays similar to the assays described by Brieher and Gum-
biner (1994). Five caps from experimental (b-catenin- or C- Some embryos that were injected at the 32-cell stage were
allowed to develop until early tailbud (stage 28) in order tocadherin-injected) embryos and 5 caps from controls (b-ga-
lactosidase-injected) were processed in parallel for each determine whether overexpression of b-catenin can cause
the formation of a complete secondary axis (i.e., of an extraassay. The caps were transferred to calcium magnesium free
media contained in tissue culture wells coated with 1% head with eyes and cement gland). In one experiment, 60%
(18 of 30), of tier-4-injected embryos had a duplicated axisagarose, and cells were disassociated as described by Brieher
and Gumbiner (1994). Disassociated blastomeres were la- when scored at the neurula stage. Of these 61% (11 of 18)
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fate of cells overexpressing b-catenin. Two nanograms of b-
catenin mRNA was co-injected with 1 ng of b-galactosidase
mRNA into tier 4, tier 2, or tier 1 blastomeres of 32-cell
embryos. These embryos were allowed to develop until tail-
bud stage and then were ®xed and stained with X-gal to
detect b-galactosidase expression. Figures 2A and 2B show
typical duplicated axis embryos resulting from tier 4 injec-
tion. Staining in A and B is con®ned to the endoderm (the
anticipated fate for tier 4 blastomeres) (Dale and Slack,
1987). This shows that cells overexpressing b-catenin can
induce the formation of a secondary axis without directly
contributing to axial structures. This is similar to the be-
havior of cells ectopically expressing Xwnt8 (Smith and
Harland, 1991).
Tier 2 injections gave rise to duplicated axis embryos with
staining in axial tissue presumably because tier 2 cells are
normally fated to contribute to such structures (Fig. 2C).
As shown (Table 1), very few duplicated axis embryos re-
sulted from tier 1 injection of b-catenin mRNA. However,
a few embryos exhibiting a partial secondary axis were re-
covered during the lineage tracing experiments. These em-
bryos had staining con®ned to the ectoderm around the
region of the rudimentary axis (data not shown). Because
tier 1 cells normally contribute to ectoderm, this again indi-
cates that b-catenin does not alter cell fate, but acts (albeit
weakly when expressed in tier 1 cells) to create an inductive
center for axis speci®cation.
b-Catenin Rescues Axis Development
in UV-Ventralized Embryos
Certain factors (Wnts, noggin, Vg1, and dominant-nega-
tive mutants of glycogen synthase kinase 3) (Smith and Har-
land, 1991, 1992; Thomsen and Melton, 1993; He et al.,
1995; Pierce and Kimelman, 1995) are not only capable of
inducing a secondary axis in Xenopus, but can also rescue
a complete axis in UV-ventralized embryos. Hence the sig-FIG. 1. Examples of the duplicate axis phenotype resulting from
b-catenin overexpression in cleavage stage embryos demonstrating
how the phenotype is scored. The vegetal ventral blastomeres of
8-cell embryos were injected with 2 ng of b-catenin mRNA (A) or
TABLE 12 ng of control (b-galactosidase) mRNA (B). Embryos were allowed
to develop into neurula (stage 20). Note the presence of two neural Ability of b-Catenin to Cause the Formation of a Secondary Axis
tubes in the b-catenin-injected embryos. Scale bars, 1 mm. Is Dependent upon the Site of mRNA Injection
No. showing two neural
RNA Cell no. Site tubes/total no. (%)
developed a complete secondary axis by tailbud stage. The b-cat 8 Veg. vent. 81/136 (60)
rest developed a secondary axis lacking anterior structures. c-cad 8 Veg. vent. 0/48 (0)
b-gal 8 Veg. vent. 0/31 (0)A complete secondary axis rarely developed in tier-2-in-
b-cat 32 Veg. vent. 26/50 (52)jected embryos. Of 43 tier-2-injected embryos (from two
b-cat 32 Tier 2 11/64 (17)experiments), 21% (9) had a duplicated axis as scored at the
b-cat 32 Tier 1 5/59 (8)neurula stage, but only 31% (3) of these duplicated axis
b-gal 32 Veg. vent. 0/26 (0)embryos developed a complete secondary axis. Tier-1-in-
jected embryos never went on to form a complete secondary Note. Two nanograms of b-catenin, 2 ng of C-cadherin, or 2 ng
axis. Thus, like Wnts, b-catenin is most effective at induc- of control (b-galactosidase) mRNAs were injected into 8- or 32-cell
ing a secondary axis when overexpressed in tier 4 cells. embryos. Embryos were scored at stage 20 (neurula) for the presence
of a second neural tube as shown in Fig. 1.Lineage tracing experiments were performed to follow the
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galactosidase-injected or uninjected controls had average
D.A.I.s of 0.6 and 0.9, respectively (Table 2). The ability of
b-catenin to rescue axis formation is similar to the ability
of other factors already implicated in the process of dorsal±
ventral patterning in Xenopus.
b-Catenin Is Not Directly Involved in Mesoderm
Induction
Animal caps exposed to activin or Vg1 elongate dramati-
cally and express various mesodermal and neural markers
(reviewed by Sive, 1993) (Thomsen and Melton, 1993). How-
FIG. 2. Cells overexpressing b-catenin can induce a secondary
axis without contributing to axial structures. A vegetal (tier 4) ven-
tral blastomere of a 32-cell embryo was injected with 2 ng of b-
catenin and 1 ng of mRNA coding for b-galactosidase carrying a
nuclear localization signal (A and B). Embryos were allowed to
develop to early tailbud (stage 28), ®xed, stained with X-gal,
bleached, and cleared. Embryos in A and B have both developed
partial secondary axes (lacking anterior structures) with staining
con®ned to the endoderm. For comparison, an embryo receiving a
tier 2 injection of b-catenin and b-galactosidase has developed a
partial secondary axis with staining primarily in the somitic meso-
derm (C). Arrows indicate the positions of the notocords. Scale bar,
0.5 mm.
naling pathway(s) that these factors de®ne is suf®cient to
supply all of the dorsal information required for normal
development. To determine whether b-catenin behaves in
a similar manner, 2 ng of b-catenin mRNA was injected
into a vegetal blastomere of UV-ventralized embryos and
its ability to rescue axis formation was determined at tail-
bud stage by scoring the dorsoanterior index on the scale
FIG. 3. b-Catenin injection can rescue dorsoanterior structuresdeveloped by Kao and Elinson (1988). Rescue of axis devel-
in UV-ventralized embryos. Embryos were UV-ventralized and 2opment is shown in Fig. 3 and Table 2. b-Catenin-injected
ng of b-catenin mRNA was injected into a vegetal blastomere atembryos were elongated and frequently had normal anterior
the 8-cell stage (A). Embryos were allowed to develop to early tail-
structures (e.g., eyes and cement glands) (Fig. 3A), whereas bud (stage 28). Note that the embryos are elongated and most have
control (uninjected) UV-irradiated embryos were radialized well-developed eyes and cement glands. UV-ventralized embryos
or poorly elongated and rarely exhibited anterior structures not receiving a b-catenin injection (B) show a characteristic radi-
(Fig. 3B). b-Catenin-injected embryos showed an average alized or only slightly elongated phenotype and do not develop
anterior structures. Scale bar, 1.6 mm.D.A.I. of 4.3 (where 5 is completely normal), whereas b-
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TABLE 2 and between ventral cells of the animal pole (Guthrie, 1984).
Injection of b-Catenin mRNA Can Rescue Axis Development Ectopic expression of Xwnt8 or Wnt1 can increase gap junc-
in UV-Ventralized Embryos tion communication between cells of the ventral animal
pole to almost the level of communication known to occur
No. showing a Dorsoanterior index of: naturally on the dorsal side (Olson et al., 1991). This isAvg.
consistent with the proposed dorsalizing ability of Wnts inmRNA 0 1 2 3 4 5 D.A.I.
the early Xenopus embryo.
b-cat 6 4 17 35 4.3 To see if b-catenin behaves in a similar manner, gap junc-
b-gal 19 3 2 1 0.6 tion communication was examined in embryos injected
Uninj. 44 12 11 7 3 0.8 with b-catenin mRNA. First, the normal levels of commu-
nication occurring between dorsal cells and ventral cellsNote. Two nanograms of b-catenin or control (b-gal) mRNAs
were determined by examining transfer of a low molecularwere injected into a vegetal blastomere of 8-cell UV-ventralized
weight dye, lucifer yellow, between cells on the dorsal andembryos. Embryos were allowed to develop to stage 28 (tail bud)
and survivors were scored for axis development on the scale devel- ventral sides of the animal pole. More transfer occurred
oped by Kao and Elinson (1988) (0, completely ventralized; 5, nor- between dorsal blastomeres than between ventral blasto-
mal). meres (Table 3, Fig. 5C), as previously shown by Guthrie
(1984). Ventral transfer in embryos injected with a control
mRNA (b-galactosidase) did not differ from transfer oc-
curring on the ventral side of uninjected embryos (Table 3,
ever, caps taken from stage 8 embryos overexpressing Fig. 5B). Ventral transfer in embryos injected with b-catenin
Xwnt8 neither elongate nor express mesodermal markers mRNA was signi®cantly increased (Table 3, Fig. 5A). In
(Sokol, 1993). Hence, this assay can be used as a way to contrast, overexpression of C-cadherin did not increase gap
distinguish between molecules involved directly in meso- junction communication (Table 3). Transfer in these experi-
derm induction (like activin and Vg1) and molecules ments was assumed to be due to gap junctions because a
thought to have dorsalizing activity (like Wnts). high molecular weight dye (¯uoresceinated dextran, MW
We have examined animal caps overexpressing b-catenin 10,000) showed very little transfer beyond the sister cell (a
and ®nd that b-catenin, like Wnts, is not suf®cient to cause cell which sometimes remains connected to the injected
elongation of caps or induce expression of a muscle marker.
Animal caps were isolated from stage 8 embryos previously
injected with 4 ng of b-catenin mRNA. An example of the
expression level of b-catenin achieved in caps taken from
these embryos is shown in Fig. 6D. Caps were cultured until
control embryos had reached stage 22. By this time, caps
isolated from embryos injected with 10 pg of activin had
elongated dramatically (Fig. 4B); however, uninjected con-
trol caps remained spherical (Fig. 4C). b-Catenin caps (Fig.
4A) resembled the uninduced controls.
Caps were lysed and proteins separated by SDS±PAGE
and blotted for the presence of a muscle antigen (recognized
by the 12/101 antibody) (Kintner and Brockes, 1985). Figure
4D shows that activin-injected caps expressed the muscle
marker, but b-catenin-injected and uninjected caps did not.
In this assay, overexpression of b-catenin behaved simi-
larly to ectopic expression of certain Wnts. Because b-ca-
tenin alone was incapable of inducing expression of a termi-
nal mesodermal marker, b-catenin is unlikely to be directly
involved in mesoderm induction (as part of an activin/Vg1
signaling pathway). FIG. 4. Animal caps overexpressing b-catenin do not elongate or
express a muscle marker. (A) The phenotype of caps isolated from
embryos injected with 4 ng of b-catenin mRNA; (B) caps taken
b-Catenin Can Increase Gap Junction from embryos injected with 10 pg of activin mRNA; and (C) the
Communication between Cells of the Ventral phenotype of animal caps from uninjected embryos. Scale bar, 1
mm. (D) A Western blot of animal cap lysates (4 caps/lane) preparedAnimal Pole
from activin-injected (lane 1), b-catenin-injected (lane 2), and unin-
By the 32-cell stage, physiological differences between jected (lane 3) embryos immunoblotted for the presence of a muscle
animal pole cells on the dorsal side and cells on the ventral marker (12-101 antigen). Note that only the activin-expressing caps
side have already been established. This is evident by differ- have elongated and express the muscle marker. b-Catenin-express-
ing caps have not elongated and do not express the muscle antigen.ences in gap junction communication between dorsal cells
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TABLE 3 of effects seen in these assays. Note that the diO-labeled b-
b-Catenin Increases Gap Junction Communication between galactosidase-expressing cells did not aggregate much differ-
Ventral Animal Pole Blastomeres ently than the diI-labeled b-galactosidase-expressing cells
(Fig. 6A), demonstrating that dye labeling had little effect
Total no. on this assay. However, as anticipated, cells overexpressing
% Communicating embryos tested
C-cadherin aggregated more ef®ciently than the internal({SEM) (No. expts.)
standard. This is shown in Fig. 6B, where considerably more
b-catenin mRNA 69 { 4.9 94 (5) diO ¯uorescence (representing C-cadherin-expressing cells)
b-gal mRNA 30 { 6.5 80 (4) than diI ¯uorescence (representing the b-galactosidase-ex-
C-cad mRNA 23 { 3.1 35 (3) pressing internal standard) has reached the bottom of the
No RNAÐventral 30 { 8.0 106 (5) column (fraction 5). Cells overexpressing b-catenin also
No RNAÐdorsal 75 { 3.8 138 (7) aggregated more ef®ciently than the internal standard.
Transfer of dextran 10 { 9.8 57 (3) (Fig. 6C).
To analyze data from multiple aggregation experimentsNote. Transfer of lucifer yellow was scored between animal blas-
we have used a value called the fraction ®ve ratio. Thetomeres of 32-cell embryos injected with 4 ng of b-catenin mRNA,
4 ng of control (b-galactosidase), or 4 ng of C-cadherin mRNA or fraction ®ve ratio is the percentage of total experimental
in uninjected embryos. Transfer of dye to two or more cells was cells (diO-labeled) in the bottom column fraction (fraction
considered a gap junction communication event. Transfer to only ®ve) divided by the percentage of total control cells (diI-
one cell can occur via cytoplasmic bridges (Guthrie, 1984); hence labeled) in the bottom column fraction. This value gives a
embryos showing transfer to only one cell were scored as noncom- measure of how effectively a sample aggregated relative to
municating. its internal standard. Table 4 displays the fraction 5 ratios
cell by cytoplasmic bridges from the last division) (Guthrie,
1984) (Table 3, Fig. 5D). The few cases of ¯uoresceine trans-
fer beyond the sister cell were probably due to the presence
of uncoupled dye in the dextran preparation.
Overexpression of b-Catenin Increases the Rate of
Blastomere Aggregation Less Effectively Than
Overexpression of C-Cadherin
To compare the effects of b-catenin and C-cadherin on
adhesion in Xenopus embryos we used a blastomere aggre-
gation assay similar to the one described by Brieher and
Gumbiner (1994). In this assay, blastomeres isolated from
animal caps are labeled with ¯uorescent dye, allowed to
aggregate in the presence of calcium, and the resulting ag-
gregates are separated by size on a Ficoll column. Large
aggregates collect in the bottom fraction of the column and
the percentage of total ¯uorescence found in this fraction
FIG. 5. Overexpression of b-catenin increases gap junctional com-
serves as a quantitative measure for how effectively a given munication between cells on the ventral side of the animal pole.
sample aggregates. This assay uses animal cap cells and it Examples of the transfer of lucifer yellow between ventral animal
is uncertain whether C-cadherin and b-catenin will have pole blastomeres in embryos previously injected with b-catenin
similar effects when overexpressed in other regions of the mRNA (A) and b-galactosidase mRNA (B) are shown. Transfer on
the dorsal side (which is known to show high levels of transfer)embryo. However, due to the fragility of the large, yolk-
(Guthrie, 1984) of an uninjected embryo (C) and transfer of ¯uores-®lled vegetal blastomeres, adhesion assays involving total
ceinated dextran (MW 10,000) (which should be too large to diffusecells were not possible and this assay serves as the best
through gap junctions) (D) are shown for comparison. In this case,available model for adhesion in the early Xenopus embryo.
the high molecular weight dextran was passed to another cell. ThisFigures 6A, 6B, and 6C show three examples of aggrega-
transfer probably occurred via cytoplasmic bridges, not through gaption assays prepared with b-galactosidase-, C-cadherin-, and
junctions. For a cell to be scored as communicating via gap junc-
b-catenin-expressing cells labeled with diO. In all assays, tions, it must have transferred dye to at least two adjacent cells.
b-galactosidase-expressing cells labeled with diI were ana- Note that only the b-catenin-injected embryo (A) and the positive
lyzed in parallel to serve as internal standards to control for control (dorsal injection) (C) exhibit gap junctional communication
experiment±experiment and column±column variability. in this ®gure. Scale bar, 0.3 mm. A summary of all gap junction
data is presented in Table 3.The examples shown best approximate the average kinds
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for four experiments prepared with C-cadherin-expressing
cells, four experiments prepared with b-catenin-expressing
cells, and four experiments prepared with b-galactosidase-
expressing cells. The average fraction ®ve ratio for b-galac-
tosidase-expressing cells was 0.90, a value which was not
signi®cantly different from the anticipated value of 1 (one-
sided Student's t test). The average fraction ®ve ratio for
C-cadherin-expressing cells was 2.17, indicating that diO-
labeled C-cadherin-expressing cells aggregated more ef®-
ciently than their diI-labeled b-galactosidase-expressing in-
ternal standards (P  0.05, two-sided Student's t test). The
fraction ®ve ratio for b-catenin-expressing cells was 1.57,
indicating that b-catenin-expressing cells aggregated more
ef®ciently than b-galactosidase-expressing cells (P  0.005,
two-sided Student's t test), but this effect is clearly less
dramatic than the effects achieved with C-cadherin. The
level of protein overexpression typically achieved in animal
caps used for these assays is shown in Fig. 6D.
DISCUSSION
The experiments performed in this study help to de®ne
b-catenin as part of a group of factors which may be in-
volved in establishing the early dorsalizing center (Nieuw-
koop center) in Xenopus embryos and show that b-catenin
activity is distinct from both mesoderm induction and the
later stages of axial patterning (Spemann organizer activity).
b-Catenin can rescue a complete axis in UV-ventralized
FIG. 6. Blastomeres overexpressing b-catenin aggregate slightly embryos. Also, cells overexpressing b-catenin can induce
more ef®ciently than mock-injected controls. Blastomeres labeled an axis without contributing to axial structures. Further-
with ¯uorescent dyes were aggregated in the presence of calcium more, b-catenin alone is not suf®cient to cause morphoge-
and the aggregates were separated by size on a Ficoll column. (A) netic movements or induce the expression of a terminal
An example of the distribution of b-galactosidase-expressing aggre- mesodermal marker in the animal cap assay system. The
gates detected by diO and diI ¯uorescence. diO-Labeledb-galactosi-
behavior of b-catenin in these experiments is similar to thedase-expressing cells do not distribute much differently than diI b-
galactosidase-expressing cells. (B) An example of the distribution
of diO and diI ¯uorescence in a column prepared with C-cadherin-
expressing diO-labeled cells and b-galactosidase-expressing diI-la-
TABLE 4beled cells. A greater percentage of total diO ¯uorescence is present
at the bottom (fraction 5) of the column relative to the diI ¯uores- Blastomeres Overexpressing b-Catenin Aggregate More
cence, indicating that more C-cadherin-expressing cells are present Ef®ciently Than Mock-Injected Controls
in large aggregates relative to the b-galactosidase-expressing cells.
Fraction ®ve ratios for diO-labeled(C) An example of a column prepared with diO-labeled b-catenin-
cells expressingexpressing cells and diI-labeled b-galactosidase-expressing cells.
More diO ¯uorescence (and hence b-catenin-expressing cells) is
Experiment no. b-gal C-cad b-catpresent at the bottom relative to the diI internal standard. This
®gure displays the typical kinds of results achieved in these experi- 1 1.03 1.27 1.41
ments. A summary of all aggregation experiments is shown in Ta- 2 0.90 3.16 1.72
ble 4. (D) Lysates prepared from animal caps injected with b-catenin 3 0.91 2.04 1.56
(lane 2) or C-cadherin (lane 3) mRNAs immunoblotted for b-catenin 4 0.75 2.21 1.58
and C-cadherin expression. Lysates from uninjected caps (lanes 1 Average { SEM 0.90 { 0.06 2.17 { 0.39 1.57 { 0.07
and 4) are shown for comparison. The equivalent of 1/2 cap was
loaded to detect b-catenin. Five caps were loaded to detect C-cadh- Note. This shows a summary of the fraction ®ve values from all
erin. The positions ofb-catenin and the mature and precursor bands aggregation experiments. The fraction ®ve value is the ratio of
of C-cadherin are indicated (b, C-cad, and pre in the ®gure). This the diO ¯uorescence reaching the bottom of a column to the diI
illustrates the amount of b-catenin and C-cadherin overexpression ¯uorescence reaching the bottom of the column. Representative
typically achieved in caps used for the aggregation assays. experiments showing distribution across the entire column are
shown in Fig. 6.
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behavior of Wnts, noggin, and kinase-de®cient mutants of act within the Nieuwkoop center, probably by signaling via
GSK-3 (He et al., 1995; Pierce and Kimelman, 1995) and b-catenin. This is consistent with what has been shown for
suggests that all of these factors may participate in a signal- the axis-inducing ability of kinase-de®cient GSK-3 mutants
ing pathway for establishing dorsal information. (Pierce and Kimelman, 1995; He et al., 1995). The nature
Other factors that are capable of inducing a secondary of the signal released by the Nieuwkoop center to induce
axis in Xenopus include activin (Thomsen et al., 1990), Vg1 the formation of the Spemann organizer remains unknown.
(Thomsen and Melton, 1993), and goosecoid (Niehrs et al., Because b-catenin was originally identi®ed as a protein
1993).b-Catenin, Wnts, and noggin are distinct from activin associated with cadherins and evidence exists indicating
and Vg1 because they are unable to induce mesodermal that Wnt signaling via b-catenin can impact on cell adhe-
markers in the animal cap assay system, whereas activin sion (Hinck et al., 1994, Bradley et al., 1993), we have ad-
and Vg1 are both potent mesoderm inducers in this system. dressed whether b-catenin's role in axis formation might
b-Catenin, Wnts, and noggin de®ne a group of patterning also involve adhesion. We show that blastomeres overex-
genes distinct from the pathway of mesoderm induction, pressing b-catenin do aggregate more ef®ciently than mock-
but which may synergize with mesoderm inducers (Sokol injected controls and consider two models in which such
and Melton, 1992; Sokol, 1993; Christian et al., 1992). an increase in adhesion could affect axis formation. First,
b-Catenin, Wnts, and noggin are distinct from goosecoid cells overexpressing b-catenin could give rise to a secondary
because of their ability to induce an axis without directly axis by mechanically dividing the endogenous organizer;
contributing to axial structures. Goosecoid is proposed to second, an increase in adhesion could trigger intercellular
exert its patterning effect by producing Spemann organizer signaling events (as discussed by Gumbiner and McCrea,
activity in the cells in which it is expressed. These cells 1993; Peifer et al., 1993), leading to the formation of a sec-
organize a secondary axis and eventually contribute to dor- ond Nieuwkoop center. The ®rst model cannot account for
sal axial tissues (Niehrs et al., 1993). The lineage tracing the ability of b-catenin to induce the formation of a de novo
experiments performed in this study show that b-catenin axis in UV-ventralized embryos nor can it account for the
has Nieuwkoop center activity and distinguish it from fac- fact that b-catenin is most effective at inducing an axis
tors like goosecoid which are involved in the later stages of when expressed in cells that are not fated to form axial
axial patterning. tissue. The second model would suggest that any increase
The similarities between ectopic expression of Wnts/nog- in adhesion should be suf®cient to create a signaling center,
gin and overexpression of b-catenin suggest that b-catenin but we show that C-cadherin increases adhesion more dra-
may act as a cytoplasmic target for a signaling pathway matically than b-catenin, but does not induce the formation
involving a Wnt-like protein and/or noggin. A paradigm for
of a secondary axis even when expressed in the same region
Wnt signaling has already emerged from work in Drosoph-
and at the same time where b-catenin itself is most effec-
ila, in which Armadillo (the Drosophila homologue of b-
tive. We conclude that adhesive changes are not suf®cientcatenin) has been shown to act downstream of Wingless
to account for b-catenin's patterning ability, consistent(the Drosophila homologue of Wnt1) (reviewed in Peifer
with previous evidence (Funayama et al., 1995; Heasmanet al., 1993). In a similar manner, b-catenin probably acts
et al., 1994).downstream of a Wnt-like protein during axial patterning
If increased adhesion cannot account for b-catenin's abil-in Xenopus. In support of this, Heasman et al. (1994) have
ity to induce axis formation, how else might b-catenin beused antisense technology to deplete Xenopus embryos of
acting? During patterning in the epidermis of the ¯y, cellsb-catenin. These embryos fail to develop dorsal structures
responding to a Wingless signal accumulate high levels ofand injection of Xwnt8 was unable to rescue this phenotype.
cytosolic Armadillo (Peifer et al., 1994). This cytosolic poolAlso, it has recently been shown that kinase-de®cient mu-
is believed to be responsible for transducing the Winglesstants of glycogen synthase kinase 3 (GSK-3) possess axis-
signal to downstream targets required for the patterninginducing qualities similar to Wnts/noggin and b-catenin
event. In Xenopus, b-catenin seems to be uniformly distrib-(Pierce and Kimelman, 1995; He et al., 1995). GSK-3 is the
uted in cells of the cleavage stage embryo (Fagotto and Gum-vertebrate homologue of the Drosophila zeste-white 3 ki-
biner, 1994), but this probably represents membrane-boundnase known to play a role in wingless signaling. Hence, it
b-catenin. The cytosolic pool is likely to be dif®cult to ana-appears that a Wnt signaling pathway is at least partially
lyze using immunocytochemistry because cytosolic b-ca-conserved between Drosophila and Xenopus.
tenin is soluble and hence probably inadequately retainedIt has been proposed that ectopic expression of Wnts
during ®xation and staining. It remains possible that ancould mimic an endogenous Wnt-like factor that is secreted
unequal distribution of cytosolic b-catenin could play a roleby the Nieuwkoop center to induce the formation of the
in establishing the endogenous dorsal±ventral axis. Overex-Spemann organizer (reviewed by Kimelman et al., 1992).
pression of b-catenin could mimic this effect by causing aHowever, we show that b-catenin itself can mimic Nieuw-
regionalized increase in the amount of cytosolic b-catenin,koop center activity, and the results of Heasman et al. (1994)
leading to the formation of an ectopic axis. Relevant down-indicate that Wnt activity must act upstream of b-catenin.
stream targets of cytosolic b-catenin are completely un-Hence, we believe that a Wnt-like factor does not directly
induce Spemann organizer formation but is more likely to known, but some intriguing evidence suggests that cyto-
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